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Microgrids bring advantages to end-users and to the smart grid environment. However, adequate man-
agement software, enabling bringing to the field new energy management concepts, is not available yet.
Small, single-tasked, software is usually proposed and tested while a clear overall system architecture for
microgrid management required to take full advantage of the microgrids’ potential. Previous publications
usually focus on energy-related problems and do not provide an efficient and viable solution for players’
representation and microgrid operation. This paper proposes a complete architecture for a microgrid
management system based on a multi-agent approach - uGIM - allowing the easy implementation of dif-
ferent energy strategies. The uGIM agents can independently manage local resources while able to collab-
orate and/or compete with other agents. Designed to run in single-board computers, nGIM agents are
light-weighted and easily deployed in buildings. To demonstrate these capabilities, the paper details
and presents a microgrid deployment using pGIM solution.

Keywords:

Microgrid deployment
Microgrid management
Multi-agent systems
Real-time energy management

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The new paradigm of power energy systems enables and bene-
fits small and medium players that have active participation roles
in the smart grid context. These players can see their energy bill
increased or decreased according to the efficiency of their partici-
pation towards common and/or global goals. The ways to partici-
pate in the smart grid are vast, complex, and time-consuming.
Therefore, such participation must be enabled and seamless for
the users.

In the new power energy system paradigm, Demand Side Man-
agement (DSM) can be used to eliminate grid peaks and to accom-
modate a higher penetration of renewable energies [1]. For this to
be possible, new approaches must be researched to provide end-
users with these abilities.

Microgrids appear in the smart grid context as “electricity distri-
bution systems containing loads and distributed energy resources
(such as distributed generators, storage devices, or controllable loads)
that can be operated in a controlled, coordinated way either while
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connected to the main power network or while islanded” [2]. These
smaller grids bring management advantages and are being
deployed around the world, where some examples can be found
in University of California in San Diego [3], in the Brooklyn area
in New Jersey in the United States of America [4], in Sendai in Japan
[5], and in the Nanji island in China [6].

Regarding energy management systems, single-board comput-
ers (SBC) can bring new possibilities for development and deploy-
ment [7]. Their capacity to integrate an operating system (OS)
enables easy access to a high level of computation while providing
input/output pins similar to a microcontroller. Therefore, some
works use SBC for deployment. In Ref. [8], a fire-safety sensor is
deployed in a Raspberry Pi enabling web services and a TCP/IP-
based sensor communication. In a more recent work presented in
Ref. [9], SBC are used to provide a hierarchical and distributed
multi-agent system for microgrid control merging the standard
IEC 61850, FIPA specifications and data distribution service (DDS)
standards.

The main contributions of this paper are an agent-based archi-
tecture for end-user representation, a multi-agent system for
microgrid management, and a light-weight solution that can be
easily deployed in SBC. This work differs from others by providing
a unique agent-architecture that can model any end-user, avoiding
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the development and deployment of multiple agents with different
software; one agent can represent them all. Another key aspect of
this proposed solution, it is the ability of agents to be executed as
standalone systems. The standalone implementation allows the
proposed solution to manage the building resources without being
a part of a multi-agent system.

This paper proposes a complete architecture for a microgrid
management system based on a multi-agent approach. This archi-
tecture is focused on the end-user and enables the monitoring,
management, and control of energy resources. The proposed
architecture allows the integration of sensors to enable context-
awareness and efficient resource optimization. The proposed
platform architecture is named uGIM, from microgrid intelligent
management. The proposed modular platform/architecture
enables the integration of different energy strategies that provides
users with efficient management, intelligence and active participa-
tion in the smart grid. This paper will present the proposed plat-
form and will not focus on modular energy strategies.

The proposed architecture and platform were developed and
implemented in SBC and deployed in an office building, where
the platform is tested, and the data can be analyzed. Some of these
data are shown in this paper. The complete dataset can be accessed
in Refs. [10] and [11]. The office building where pGIM platform is
deployed has offices rented; renters are responsible for their own
energy management. The results show the ability of the uGIM plat-
form to efficiently monitor and control an office microgrid.

This paper is divided into six main sections. After this Introduc-
tion section, Related Work is presented in Section 2. The proposed
uGIM Platform is described in Section 3. The office building deploy-
ment is described in Section 4, and the main results are presented
in Section 5. Finally, Section 6 presents the main conclusions of this
work.

2. Related work

MAS are commonly applied in the smart grid context, as seen in
Ref. [12]. Their ability to individually manage a part of the system
while integrating a community enables the smart grid’s players to
be represented by agents; where each player has its own goals, but
it also can collaborate or compete with other agents for common
goals.

A MAS for smart grid management is proposed in Refs. [13,14],
integrating MASCEM [15] and MASGriP [16] - a MAS for competi-
tive electricity market simulation and a MAS for smart grid simu-
lation, respectively. Later, MASGriP was implemented in the
Multi-Agent System Layer proposed in Ref. [17] to monitor and
control a university campus microgrid. A MAS for microgrid
balance between consumption and generation is proposed in
Ref. [18], where day-ahead forecasts are used for market participa-
tion and 5 min forecasts are used to balance the energy. The system
uses a real-time digital power system simulator (RTDS) for grid
simulation and a MAS for grid/player representation and manage-
ment. A distributed voltage control system using a MAS is pro-
posed in Ref. [19]. The MAS uses blackboard service for agent
collaboration reducing data’s communication between agents.
Also, cooperative frequency control for islanded microgrids is pro-
posed in Ref. [20], where a hierarchical MAS frequency control is
used.

Although MAS are used for microgrids, they are usually applied
in small and specific problems, not behind able to monitor and
manage a player infrastructure. Also, it is common to use MAS with
multiple agent types where each agent is responsible for a part of
the system, a special task, or an individual energy resource. In
Refs. [21] and [22] a MAS is proposed for building representation
in a microgrid where five agent types are used: central coordinator

agent, building management agent, renewable energy resources
agent, battery bank agent, and service agent. Five different types
are also proposed in Ref. [23]: load agent, renewable distributed
energy resource agent, conventional distributed energy resource
agent, energy storage agent, and utility grid agent. A total of ten
agents are proposed in Ref. [24]: distributed generation agent, load
agent, storage agent, SCADA agent, generation coordination control
agent, economic dispatch control agent, energy forecast agent, sys-
tem operator agent, and static switch agent. More agent types are
proposed in Refs. [25], [26] and [27]. This paper proposes a MAS
with only one agent type that can represent any microgrid’s player.
The use of the same agent type improves scalability and deploy-
ment of the system.

To improve the deployment of the proposed MAS, SBC are used,
enabling the easy installation of devices in the players’ infrastruc-
ture. SBC can even be installed inside the electrical enclosure
enabling efficient deployments in buildings. The use of SBC in the
smart grid context is not a novelty; they are been applied to solve
several tasks throughout the management layers of the smart grid.
For instance, in Ref. [28], multiple Raspberry Pi are used to detect
anomalies in phasor measurement units. BeagleBone Black SBC
are used in Ref. [29] to implement the multi-level microgrid con-
trol proposed in Ref. [30]. In Ref. [29] RS485 and Controller Area
Network (CAN) standards are used for resource integration, and
the system is implemented in a Power Park with multiple
microgrids.

To find complete solutions, using MAS and SBC, we need to look
at broader projects, such as RIAPS and VOLTTRON. Currently, these
are the two main solutions related to the system proposed in this
paper.

The Linux Foundation launched in the middle of 2018 the LF
Energy that is an open-source coalition for multi-vendor collabora-
tion and open-source progress in the sectors of energy and electric-
ity [31]. The LF Energy launched four open-source projects, and one
of those projects is the Resilient Information Architecture Platform
for Smart Grid (RIAPS) that provides core services for buildings and
microgrids. The RIAPS is presented as a software platform for
building distributed real-time embedded applications [32].

The RIAPS is based on an extension of FGCOM computation
model [33,34]. It is a decentralized solution where nodes can join
and leave groups anytime - using OpenDHT (open Distributed
Hash Table) for discovery service [32].

The RIAPS platform has two node types: the control node, and
the target node. The control node should be placed in the network
control room and is mandatory in the RIAPS platform. For other
deployments, the target node should be used. Each node is an actor
(e.g. consumer or generator), and all of them are synchronized by
time.

The platform provides an already set up control node running in
an amd64 Xubuntu 18.04 virtual machine and a target node run-
ning in an armhf Ubuntu 18.04 for BeagleBone Black, a single-
board computer from the BeagleBoard.org Foundation. Both can
be freely downloaded from their webpage.' Instructions are avail-
able for users that want to use RIAPS in other environments.

Some of RIAPS applications and demonstrations can be seen in
Refs. [12,35]. Particularly, in Ref. [12], RIAPS is used to implement
a distributed under-frequency load shedding scheme. The imple-
mentation is tested in the IEEE 39-bus network using MATLAB soft-
ware; in this case, the test is conducted outside RIAPS nodes. A
distributed microgrid phase and frequency synchronization strat-
egy is proposed in Ref. [35] and tested in a laboratory using real-
time simulators (OPAL-RT 5031 and OPAL-RT 5607). In Ref. [36],
RIAPS integrates an algorithm to interleaving multi-converter

1 https://riaps.isis.vanderbilt.edu/rdownloads.html
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systems to minimize harmonics in the DC bus. This work was also
tested using a real-time simulator (OPAL-RT 5607). A small trans-
active energy demonstration, using only one consumer and one
generator is presented in Ref. [37].

VOLTTRON was firstly developed in 2012 by the Pacific North-
west National Laboratory, United States of America [38]. In 2014,
VOLTTRON was released as an open source software under Apache
License (Version 2.0), the same license as RIAPS platform. Cur-
rently, VOLTTRON is in its version 4. VOLTTRON is an agent-
based platform running in Python 2.7. Agents can be deployed in
single-board computers, such as Raspberry Pi Zero W.

VOLTTRON applications are distributed and centralized nodes
are not needed. However, centralized agents can be deployed as
service providers, such as weather services and VOLTTRON Central
Agent - an agent that provides a web service working as a global
interface for all platform’s agents. The main architecture defines
three agent roles: platform agents, cloud agents, and control agents
[39]. Each agent can perform one or several roles simultaneously.
The platform agents provide services. The cloud agents are able
to subscribe to local message topics and publish the data in remote
servers. The control agent is able to control a resource while inter-
acting with other resources.

VOLTTRON agents use drivers to connect to physical resources.
Modbus and BACnet are two available drives. However, being an
open source solution, it allows the development of other drivers,
such as the Xbee driver developed in Ref. [40].

Some of the deployments and use cases developed and imple-
mented in VOLTTRON can be seen in Ref. [41]. A hardware-in-
the-loop (HIL) simulator for testing two variable-air-volume fan
control is proposed in Ref. [42]. This HIL simulator was developed
in the PNNL laboratories. A transactive control over rooftop air con-
ditioning units using two demand response programs, demand
limiting, and real-time pricing control, is proposed in Ref. [43].
The control is done using the building occupancy and the proposed
solution was implemented in Washington State (United States of
America) using single-board computers. In Ref. [44], VOLTTRON
is implemented in a Linux desktop machine with sixteen agents
deployed in Cubietruck boards for a consensus-based distributed
algorithm for energy price between consumers and generators;
this work presents a simulated test with 1.400 agents. A grid
deployment for transactive energy using VOLTTRON agents can
be seen in Refs. [45] and [46] where a total of eight Raspberry Pi
boards are used - four deployed in buildings, one in the 1 MW pho-
tovoltaic array and one in a battery energy storage system. This
deployment is made in the Scott Park Campus of the University
of Toledo.

3. nGIM platform

The solutions analyzed in the previous section demonstrate the
current state of the art regarding ready to install platforms that can
be executed in single-board computers. Specially RIAPS and VOLT-
TRON are complete solutions that focus on energy management
and can be easily deployed. The proposed pGIM platform will differ
from the previous solutions regarding their focus and actuation
target. The unGIM platform is focused in the end-user representa-
tion and can be installed as a standalone solution capable of pro-
viding energy management solutions to the end-user. One of the
main novelties of pGIM is its capability of integrating energy
strategies that can be executed on the end-users’ side.

While the previous solutions seemed to be built from the grid to
end-users, uGIM is designed from end-users to the grid. This new
approach puts pGIM closer to the end-user and enables the use
of nGIM without having an agent community. The uGIM agents
are designed to manage a smart building focusing on energy man-

agement, with external integration, participation, and negotiation
capabilities. A pGIM agents are capable of participating in a smart
grid context by responding to demand response programs and by
transacting energy. However, they use these external interactions
to improve the end-users’ buildings energy management, not
needing or depending on these external agents. This shift of para-
digm provides uGIM with a novel solution that can be used today
in our residential and nonresidential buildings providing resource
optimization algorithms, while previous solutions almost demand
the existence of a community in order to improve end-users’ daily
energy management.

Being end-user focused, nGIM agents are able to represent an
entire building/home and not smart grid or building parts, as seen
in the previously mentioned examples of RIAPS and VOLTTRON.
The way pGIM is able to do this will be presented in this section,
while the results of such representation will be shown in Section 5.

The examples mentioned in the previous section provided case
studies that usually dealt with equipment synchronization, build-
ing monitoring or large equipment - such as Heating, Ventilation,
and Air Conditioning (HVAC) systems. In the case of the uGIM plat-
form, the priority is given to the management of small resources
that are available in the end-users’ building. This paradigm raises
new problems regarding users’ comfort, preferences, actions, and
contexts.

The uGIM agents’ domain model can be seen in Fig. 1, where dif-
ferent colors are used to identify conceptual classes regarding
building’s agent, building’s infrastructure, data management, man-
agement of the building, and physical interfaces. At its center is the
agent/building that represents the end-user facility.

Each agent is able to represent a building; therefore, the agent
can be seen as a building (central block). The agent has all the
resources directly connected to it. Resources can be of different
types, such as sensors for context and environment identification.
Using rooms is possible to independently identify contexts inside
the room and to make room optimizations. The storage system
enables data storage of all resources and agent actions - locally
and remotely. The Universal Asynchronous Receiver-Transmitter
(UART) enables the connection of pGIM agents in RS485 networks
using Modbus/RTU protocol. Management strategies are encoded
in algorithms that are executed inside the agent and that can have
or not have an impact on the physical resources. Strategies can be
of two types: periodic strategies are executed periodically in time,
while context strategies are executed every time a particular con-
text is met. Alarms are scheduled tasks inside the agent that exe-
cute actions; they are used for remote storage and scheduled
strategies. All these aspects are explained in more detail below.

The authors developed the domain model of the uGIM agents in
the architecture presented in Fig. 2, using a component-based
architecture methodology. The pGIM agents are built on top of
the Raspbian operating system. The dark orange blocks represent
third-party software that is needed for the pGIM platform but is
not developed for/by pGIM. The uGIM agents are developed in Java
8 using the DevOps methodology for software development. Each
light blue block, represented in Fig. 2, is, in fact, an individual
thread that is executed in parallel. Internally, threads share data
among them. The Java language was used because of the JADE
framework and the ability to run in multiple operating systems.
Not being the fastest programming language, Java is not the only
language used in pGIM agents; energy strategies can be developed
or use other frameworks running in faster programming languages,
such as the use of C in the GNU Linear Programming Kit (GLPK)
solver.

However, pGIM agents can use other languages for optimization
and energy management, such as the case of C language used for is
computational speed.
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Fig. 1. Agent domain model.

For network discovery, pGIM uses the ]JGroups block. This
enables virtual tunneling in the network where agents can discover
each other. In the JADE framework - the framework used for the
proposed MAS - each agent must connect to the framework.
JGroups enables the broadcast of the framework location, its Inter-
net Protocol (IP) address, port, and name. The JADE Controller block
can assume one of two modes per agent: Agent core, and MAS core.
The agent core is assumed by default and indicates that that agent
is part of a MAS. The MAS core mode indicates that that agent is

also the provider of the MAS framework where other agents will
connect to. JADE's Agent Management System (AMS) and Directory
Facilitator (DF) agent will be executed in the MAS core SBC. Per
microgrid, only one MAS core must be used. If MAS core agent fails,
the MAS will stop working because all agents will lose the connec-
tion AMS and DF agents. This JADE limitation should be overpassed
to provide agent migration in case of failures; JGroups can be used
to overcome JADE failures.

The Internal Memory block enables an agent memory unit that
saves key/value objects where the key is a String and the value is
an object. This block enables the sharing of data between threads
that are not directly connected.

The Logging block is essential for development and logs all error
and warning occurrences in the agent. In pGIM, the Logging block
can be configured to show the logs directly in the command line or
to save the logs in files. The use of files is needed to enable the cre-
ation of command-line user interfaces. The GUI block (Graphical
User Interface) is designed to have two possible configurations:
local, and remote. Both can be used simultaneously. The local
GUI uses a command-line GUI - see Fig. 3. The local GUI makes
sense when a screen is available in the agent location. The remote
GUI instantiates a pGIM RESTful API (Application Programming
Interface) that provides the monitoring and control of the pGIM
agent. From the design point-of-view, the remote GUI makes more
sense because it provides a better visualization to users and
enables the use of the interface in a web browser; mobile or in a
computer.

The Data Storage is divided into two types; agents must have
these two configuration types. The local storage uses a database
installed in the localhost and uses the SBC internal memory. The
remote storage uses an external server. The combination between
the two types enables the existence of data inside the SBC — with a
high-speed reading rate - and the existence of historical data in a
server without the memory limitation of SBC. The pGIM agents can
also read from the remote storage system.

UGIM Agent;
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JADE Controller
Agent Core
MAS Core

()

Transactive Energy

Participation

Auction master

Raspbian OS

sAvBA UnRT Postgresal
GLPiSolver MYSQL
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Fig. 2. uGIM Agent Architecture.
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Fig. 3. Agent graphical user interface.

The Resource Integration block is responsible for managing the
integration of physical resources, such as electrical loads and sen-
sors. In the pGIM agents, each physical resource is a thread that
monitors and controls the configured resource; the control is not
mandatory, and it depends on the resource configuration. Cur-
rently, uGIM provides drivers for Modbus/RTU, Modbus/TCP, and
RESTfull. Modbus is highly disseminated in energy equipment,
such as energy analyzers and inverters. The possibility of including
resources with RESTfull APIs enables the integration of the Internet
of Things (IoT) devices.

The Energy Strategies block enables Demand-Side Management
(DSM). Algorithms for DSM and energy-related algorithms are rep-
resented in this block. Strategies can be periodic or contextual.
Each energy-related strategy is a computational instance of the
Energy Strategy interface.

In the uGIM platform, agents can participate in Transactive
Energy local auctions, enabling energy transactions between
neighbors. Each agent can assume at least one of two modes: par-
ticipant, and auction master. In a uGIM microgrid configuration,
only one auction master is allowed. Section 3.5 details the agents’
participation in energy transactions.

The Alarms block enables internal alarms in the agent, where
each alarm executes a specific function, such as the execution of
a forecasting algorithm. Alarms can be Periodic or Scheduled,
where periodic alarms are executed periodically (e.g. every hour),
and scheduled alarms are executed at a certain time (e.g. a partic-
ular optimization algorithm can be executed every day at 10 a.m.).

OpenADR 2.0b [46] block implements a Virtual End Node (VEN)
enabling Monitoring reports and the participation on demand
response programs; using the Control block. This block is currently
under development and more tests and validations must be made.

3.1. Multi-Agent approach

The uGIM platform is designed for microgrid management with
individual players representation. Therefore, a centralized solution
is not suitable. The MAS approach is no novelty in the application
of microgrids or smart grids, as seen in previous works, such as
Refs. [48-50]. A vast survey can also be seen in Ref. [51]. Therefore,
the use of such approach seemed right to meet the goals of the
uGIM platform.

The multi-agent approach used in the pGIM platform enables
the agent representation of each microgrid player within an SBC.
All agents have their internal and individual goals efficiently
managing the players’/buildings’ energy. They can communicate
and interact with the other microgrid players to achieve their
goals.

The uGIM platform is FIPA compliant, in opposition to RIAPS
and VOLTTRON solutions that are not FIPA compliant. This compli-
ance is provided by the used JADE framework.

3.2. Single-Board computers

SBC offers new possibilities for software deployment. The small
size and computational power available in SBC are advantages that
can be used for energy management systems. Besides the already
mentioned RIAPS [32] and VOLTTRON ([39], other solutions used
SBC for energy solutions, such as dRF-Pi solution [52], and publica-
tions such as in Refs. [28,53], and [30]. The versatility, low-price,
low-size and proven used of SBC for energy solutions were the
main motivations that support the choice of developing uGIM in
SBC.

The pGIM platform was designed and developed for Raspberry
Pi 3 Model B. The reason behind this decision regards the support
and community size of Raspberry Pi as well as having all the nec-
essary connections in the board (multiple USB, HDMI, and RJ45).
However, other SBC were successfully tested and can be used, such
as NanoPi M1 Plus and BeagleBone; some of them with great spec-
ification sets. For instance, NanoPi NEO Core 2 is a 40x40 mm
board with 1 GB DDR3 RAM, 8 GB eMMOC storage (which can be
extended using an SD card), an Allwinner H5 64-bit 1.5 GHz
quad-core processor, 68 General Purpose Input/Output (GPIO) pins
and able to run Ubuntu Core operating system. The size, available
GPIO, and the computation power enable the deployment of
energy management systems in boards as small as 40x40 mm.

Even the card size of Raspberry Pi 3 Model B is small enough to
enable its deployment almost anywhere. With 85 x 56 mm size,
Raspberry Pi 3 can be deployed inside the electrical enclosure or
near the electrical enclosure - minimizing the distance from
energy analyzers that can be placed in the electrical enclosure
and that can be integrated using Modbus/RTU protocol.

3.3. Resource integration

The resource integration, in the uGIM agents, enables the mon-
itoring and management of the players’ resources. Nowadays, [oT
devices must be considered. Their massification makes them com-
mon devices in buildings. Also, they can be used in energy manage-
ment systems, as seen in Refs. [54-56]. Therefore, the integration
of 10T devices must be taken into consideration.

In the pGIM agents, RESTfull resource type can be used to inte-
grate [oT devices in the platform. For IoT devices that cannot be
directly integrated, it is possible to install in the SBC one of the
home automation systems available, some good choices being
the following open-source systems: Home Assistant, Domoticz,
and openHAB.

The protocols Modbus/RTU and Modbus/TCP are highly used in
energy equipment, such as energy analyzers and photovoltaic
inverters. For this reason, they are available in pGIM agents to
enable a direct connection between the agent and energy equip-
ment. Because pGIM is end-user focused, protocols such as IEC
61,850 are not yet available.

3.4. Energy strategies

To provide a suitable solution for end-users’ representation cap-
able of managing energy resources, it is needed to integrate energy
management solutions, such as demand side management [57],
active participation in demand response programs [58], energy
forecasting [59], scheduling algorithms [60] and learning algo-
rithms [61]. Energy management related algorithms are seen in
uGIM platform as Energy Strategies.

Energy strategies can assume one of two types: periodic, or con-
textual. Periodic strategies are strategies that are executed period-
ically without context relation; for instance, forecasting algorithms
for consumption and/or generation. The contextual strategies are
executed when a certain context occurs; for instance, energy bal-
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ancing algorithms to match consumption and generation can be
executed when the consumption and generation do not match.

For periodic strategies, the system uses a variation of Linux’s
crontab schedule notation (Fig. 4), where strategies can be config-
ured to be executed at a certain time. The use of percental value, in
the notation of Fig. 4, indicates multiple values - for instance, the
notation * 8% * * * is executed at 8 a.m., 4 p.m., and 12 p.m. The last
value of the notation is an adjustment, in minutes, to be made in
the time. For instance, the notation 15% * * * * —5 is executed every
hour at the following minutes: 10, 25, 40, and 55.

Contextual strategies are associated with restrictions (manda-
tory) and conditions (optional). All the restrictions of a strategy
must be fulfilled. If a strategy has conditions, then at least one of
them must be fulfilled. The agents’ contextual strategies are only
executed if all restrictions are fulfilled and at least one condition
is fulfilled.

By default, uGIM agents do not provide energy strategies.
Energy strategies were designed and developed as blank/empty
containers that can be created by any developer or user. Energy
strategies are open to any developer and contribution. Currently,
and to provide a range of options, the pGIM platform allows the
use of several technologies that were tested and that can be used
in energy strategies, such as GNU Linear Programming Kit (GLPK)
solver, Java Optimization Modeler (JOM) library, R project, Deep
Learning for Java (DL4]) and TensorFlow. The energy strategy
described in Section 4.2, of this paper, was developed using the
JOM library and GLPK solver.

3.5. Smart grid participation

In the uGIM platform, players/agents can actively participate in
the microgrid and smart grid. This is possible with the OpenADR
and Transactive Energy blocks. The OpenADR block implements
the VEN OpenADR 2.0b profile specifications [47]. A Virtual Top
Node (VIN) can directly interact with the agent and with the
agent’s resources, depending on the agent configuration. OpenADR
is an important enabler for the end-user active participation in the
smart grid [62].

Currently, uGIM also provides a simple peer-to-peer local auc-
tion for energy transactions. By using the agent’s configuration file,
an agent can be configured to be a participant of transactive
energy, participating in the local auction. The pGIM platform
enables the use of one of the four available auction types: English,
Dutch, Blind, and Vickrey. An agent uses energy strategies to par-
ticipate in transactive energy (e.g. sell everything, sell nothing,
do aggressive bids, buy at any cost). The peer-to-peer transactions
are a pGIM feature that will not be handled in this work, begin
under development and not finished.

Transactive energy participation is configured with periodic
strategy notations. Therefore, it is possible to have several auctions
running at different times and using different auctions types.

4. Microgrid deployment

This section presents the pGIM platform deployed in an office
building where more than one entity is responsible to manage
energy resources. The present section is divided in two: the build-
ing deployment where the deployment of the microgrid is detailed,
and the Zone R.2 resource management in which a particular
energy strategy placed in Zone R.2 agent is presented.

4.1. Building deployment

The puGIM platform is deployed in an office building that already
had a Supervisory Control and Data Acquisition (SCADA) system

Notation:  * # = = % {x}
minute [[0-59], [1%, 29%]] <
hour [[0-23], [1%, 12%]] <
day [[1-31], [1%, 15%]]
month [[1-12], [1%, 6%]] <
weekday [[0-6], [1%, 3%]] «+——

(optional) adjustment [Z] «———

Fig. 4. Periodic strategies notation.

with several energy analyzers, Programmable Logic Controllers
(PLCs), dimmable lamps using Digital Addressable Lighting Inter-
face (DALI) protocol and one grid-connected photovoltaic inverter.
Fig. 5 shows the SCADA system existent in the building.

The office building has sixteen offices that can be rented. The
building has a total of forty photovoltaic panels with and individ-
ual peak of 250 W; totalizing a generation peak of 10 kW. The
offices can only be rented in pairs or triples, because of electrical
restrictions. Each renter has access/control to four photovoltaic
panels, making each renter responsible for managing 1 kW of peak
generation. The building’s manager manages the remaining photo-
voltaic panels - which are not rented. The building manager is
noted as Z.0 and the four renters are noted as L.1, L.2, L.3, and R.2.

Fig. 6 shows a satellite image of the office building with a top
layer identifying the inside rooms and zones used. Each zone is
managed by a unique pGIM agent. As can be seen, the two last right
offices are not considered in this deployment. The common areas
and toilets are managed by the building’s manager/agent, as well
as the kitchen (room 10) and rooms 11 and 16, which are not
rented.

Agents are running in Raspberry Pi boards. Fig. 7 shows the used
Raspberry Pi version in each agent and how they are connected. In
this microgrid configuration, the building’s agent (Z.0) will accom-
modate the MAS Core and is the Auction master. To test the perfor-
mance of the pGIM agents, the Z.0 agent is running in a Raspberry
Pi Zero W; a board with a size of 65x30 mm using a Wi-Fi
connection.

JGourps toolkit connects all the agents using a tunnel in the
computer network. After the first discovery, the Building agent
broadcasts the existence of a MAS Core in its IP, sending the MAS
name and port. The green circle represents the MAS where all
agents are connected. Within the MAS, there is the auction master
link between all agents willing to participate in the peer-to-peer
energy transactions.

4.2. Zone R.2 resource management energy strategy

In Zone R.2 agent, the energy strategy proposed in Ref. [63] is
used in order to test the ability of uGIM agents to execute energy
management algorithms. The currently presented energy balanc-
ing algorithm is not this paper focus; it will be presented only to
validate the abilities of uGIM agents.

Nyar Ngis ) 4
minimize — 3 P/ x Wi + ) [P Wi+ w
i=1 i=1
G C Nyar Ngis )
e S5 e §5 e 0
i=1 i=1

The algorithm implemented in the Zone R.2 agent will balance

the agent consumption (P®™) with the on-site generation (P®"),
using the objective function of Equation (1). The algorithm is exe-
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Fig. 6. Building zones/agents deployment.

cuted when are imbalanced consumption and generation and
every four seconds when the energy is balanced. The four-second
execution enables the agent to change its consumption according
to the resources’ priorities; therefore, a continuous execution is
needed even when the energy is balanced. The algorithm considers
two resource types, depending on its control: variable, and
discrete.

In Equation (1), n,q represents the number of loads capable of
load reduction and ng; represents the number of loads capable of
load curtailment, while resource priorities are represented by
W and WY, for each resource type. The resources’ priority is
the combination of user preferences and sensor data, according
to the formulation in Ref. [63]. For instance, the room’s current
temperature is correlated with the user’s desired room tempera-
ture to provide the priority for cooling and heating resources. w
is a weight that prioritizes the balance between generation and
consumption.

Nyar Ngis

wp x PGen > PCons _ ZPivar _ ZP?iS (2)

i=1 i=1

HUGIM Agent
(2.0 - Building)

MAS Core
Auction master

: HGIM Agent
(Zone L.1)

NN

UGIM Agent HGIM Agent E ,:":i/ ’
(Zone L.2) (Zone L.3) W om

Q e —
h -

Fig. 7. Agents/zones connectivity and communication.

Pi — B X i1 ) o

Equations (2) and (3) are two constraints. Equation (2) ensures
the balance between generation and consumption. The weight
variable wp is used in the generation; this will create a range
where a small unbalance is accepted. Equation (3) represents the

curtailment program for discrete resources. Xfis indicates if
resource i is turned on or off by the optimization. P**<°" represents

the power consumption of a resource. P#~*" can be a positive or
negative number. If consumption is higher than generation, it will
assume a positive value (i.e. the resource consumption), otherwise,
it will assume a negative value (i.e. the resource consumption mul-
tiplied with —1); this enables the algorithm to decrease and
increase the agent consumption according to its real-time
generation.

The GLPK solver was used in this energy strategy to provide the
best optimization of resources. The GLPK solver is being executed
inside the SBC (i.e. Raspberry Pi 3 Model B). The objective function
and constraints are modeled using the JOM library in order to sim-
plify the use of the solver, providing mathematical modeling of the
presented equations.

This energy strategy is used in Zone R.2 considering 10 control-
lable resources and 11 sensors. The sensors’ data are used to calcu-
late the resources’ priority, and the controllable resources are used
to adjust the energy consumption. The agent also integrates uncon-
trollable resources that are not considered in the optimization
algorithm but are considered in the energy strategy. The execution
triggers and conditions are specified in the configuration file of the
agent, as seen in Ref. [63].

5. Results

The results show the efficiency of the uGIM monitor capabilities
and its ability to adequately manage energy resources using sen-
sors for contextual management. The results are obtained from
the real-time operation of uGIM agents.
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The shown data are publishing as open access datasets in Refs.
[10,11]. The first dataset represents a week with measures every
10 s; starting on Wednesday, 10 April 2019, and ending on Tues-
day, 15 April 2019. The charts have in the xx axis the hours of each
day, the days can be identified by the generation peaks. The mon-
itoring data are shown in Figs. 8-13. The data showed a significant
generation decrease in the weekend (fourth and fifth days in each
chart).

The monitoring data were read from the PostgreSQL remote
storage server. Meaning that the data were read in the agent,
stayed in the local storage database in the agent, and then sent
to the remote storage server.

Fig. 8 shows the energy data from the Zone Z.0 agent. This agent
is responsible for the building, managing the common areas as well
as rooms 10, 11 and 16. Being the building’s owner, this agent is
also responsible for managing a 6 kW photovoltaic panels array.
From consumptions it is possible to observe the presence of per-
sons even during the weekend (fourth and fifth days of the graphs).
Only on Sunday the consumption of the common right area is
smaller. Because it has a peak of photovoltaic of 6 kW, this agent
has more generation than consumption during the middle of the
day.

Zone L.1 data are shown in Fig. 9. During the recorded week this
agent is not self-sustainable, always demanding energy from the
grid. The major consumption of this agent results from the electri-
cal sockets (brown line). By matching the consumptions of the
lamps with the weekend consumption of Fig. 8 it is possible to
see that the person(s) that used the building during the weekend
was working in Zone L.1.

Fig. 10 shows the energy data from the Zone L.2 agent, where a
server room is placed. For the agent of Zone L.2, the main con-
sumption comes from the HVAC system that is connected to the
server room; ensuring a stable temperature along the days. The
presented graphs represent power and not energy. By looking at
the power, it is noticed that the agent has small periods of time
that it has more generation than consumption, but looking at
energy per hour, the agent always demands energy from the grid.

Fig. 11 shows the data of the Zone L.3 agent. This agent has peri-
ods, during the middle of the day, where consumption is lower
than generation. The consumption is stable, but it is visible the
HVAC system left turned on during the first night, from the first
day to the seconds day. A curiosity of this zone is the no use of
lamps. The persons in this zone prefer not having artificial light
while working.

The most self-sustainable agent is the Zone R.2 agent shown in
Fig. 12. With the lowest consumption, this agent has the champion
of injecting energy into the grid. The use of the lights during the
day reflects the use of the zone during the weekdays.

Zone R.2 has 11 sensors installed, some of these data can be
seen in Fig. 13. All sensors are available in the published dataset
[10]. In the last two days (Monday and Tuesday) a shot-time peak
of light occurs in the morning near 8:15. This light peak is caused
by the cleaning services collecting the garbage. During the week, it
is also visible a trend related to the increase of the temperature,
above normal, when there are persons inside the room.

The data from Fig. 14 are part of the dataset published in Ref.
[11]. The dataset has data regarding the Zone R.2 agent during a
24-hour period with the balancing algorithm described in Sec-
tion 4.2 of this paper. The measurements of the dataset were taken
every 10 s, during the 24-hour period. Fig. 14 shows the balancing
algorithm working between 16:00 and 18:00 of a weekday. The
consumption, represented by the blue line, follows the generation,
represented by the green line. The algorithm, executed in GLPK sol-
ver using 10 resources and 11 sensors, is able to calculate the
resources’ priorities according to the user’s preferences and opti-
mize the consumption following the generation profile, decreasing

the need for external energy supply. In Fig. 14, the consumption
decreases at the same rate as the generation, but near 16:50 the
consumption increases because generation also increases, meaning
that the algorithm is able to decrease and increase the consump-
tion according to the generation available onsite. During the period
shown in Fig. 14, only at 17:11 it was necessary to buy energy from
the grid to serve the high consumption peak, resulted from the fan
heater; almost immediately turned off by the balancing algorithm.

6. Discussion and conclusion

The deployment and daily use of microgrids are a reality. They
bring advantages for smart grids and have positive impacts in iso-
lated areas. However, there is a lack of the offer of complete solu-
tions for microgrid operation. There are in the market solutions for
equipment synchronization and inverters that made microgrids
possible, but management solutions are not easy to find and usu-
ally operate using centralized control. Currently, there is a signifi-
cant gap between academic concepts and the physical
implementations of microgrids; there are a few microgrids that
try to minimize this gap, but they are not yet commonly used in
practice.

The proposed solution, uGIM, brings a layered and dynamic
architecture that can serve the real implementations while keeping
a door open for the integration and adoption of new and disruptive
approaches. pGIM is a totally distributed agent approach solution
that looks and treats a microgrid as a community of individual
players that can collaborate and compete in the microgrid
environment.

Similar solutions such as VOLTTRON and RIAPS are discussed in
this paper. These open-source solutions are similar to uGIM regard-
ing their ability to run in single-board computers, their multi-agent
approach and their end-user participation in the microgrid. How-
ever, the nGIM platform is designed having the individual end-
user as the central focus, providing better resource integration
and individual operation inside a microgrid environment. The
uGIM agents can be deployed as a standalone solution in an iso-
lated building outside a microgrid and the user can take advantage
of its management and optimization capabilities, while VOLTRRON
and RIAPS were built for multi-agent systems only, not providing
standalone solutions for a single end-user. The ability to work as
a standalone solution allows the adoption of pGIM agents in end-
users that are not yet integrated in a multi-agent uGIM microgrid.
Otherwise, the dissemination of uGIM will be limited to the num-
ber of players in microgrids using the uGIM platform.

This paper shows the promising results of two open access
datasets that use raw data from the uGIM platform. The third data-
set regarding transactive energy can also be found in Ref. [64].
Detailed data and the capability of providing a balancing algorithm
in real-time demonstrate clear evidence of the efficiency and
potential of uGIM for player and microgrid operation. Collaborative
and cooperative agent behavior is not discussed in this paper -
because the focus is the uGIM platform architecture and how it
can be deployed in real microgrids.

The pGIM platform is not, at this time, an open-source software
because the code is not published for everyone. However, and fol-
lowing the VOLTTRON and RIAPS roadmap, the authors are plan-
ning to make puGIM platform also available for public access
using an open source repository with the appropriate documenta-
tion for uGIM deployment. Making nGIM an open source software
can also benefit its development; because more developers can
contribute to uGIM, namely in what regards IoT resource integra-
tion, energy strategies, and transactive energy.

The novelty of the proposed nGIM platform and its capabilities
are the main contributions of this paper. The shown results are
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highly promising. By using single-board computers, smaller as
Raspberry Pi Zero W, the puGIM agents demonstrate to be very
hardware efficient while capable to run 24/7 without significant
issues. The small size of the hardware used allows the deployment
of nGIM agents virtually anywhere.
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